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論 文 内 容 要 旨
Themagnetorotationalinstability(MRI)isthoughttobethegenerationmechanismofturbulenceinaccre-
tiondisks.MRI-inducedturbulenceleadsmassaccretionfromdiskstocentralobjectsowlngtOturbulentvis-
cousefects.Recentsimulationstudieshavealsoshown thattheMRIcontributestovariousphenomena
occuminginaccretiondisks,suchasdiskwinds(SuzukiandInutsuka,2009),mixingofdiskgas(Tunerand
Sano,2008),anddustsedimentationtothediskmidplanePalsaraeta1.,2009).DespitetheMRI'simpor-
tance,mostrecentsimulationstudiesonlyconsideredspecificconflgurationsofthebackgroundmagneticfield;
i.e.,eitherpurelypoloidalorazimuthalfields.However,simulationstudiesofdiskformation(e.g.,Machida
eta1.,2000,2007)suggestthatthestructureofthemagneticfieldinaccretiondisksiscomplicated.To
achieveathoroughunderstandingoftheMRIandtheturbulenceinducedbecauseofit,theefectsofthedif-
ferentorientationsandintensitiesofthebackgroundfieldshouldbeclarified.
WeinvestigatethedependenceofthesaturatedstateoftheMRIinaccretiondisksonthebackgroundmag-
netic-fieldpropertiesbyperformingthree-dimensionalresistivemagnetohydrodynamic(MHD)simulations.We
useanonglnalconstructedRCIp-CMoCCTschemewithsufGcientspatialresolutiontoadequatelysolvethe
fastest-growlngMRImode.Weassumean unStratifieddiskbyemploylngthelocalshearing-boxapproxima-
tion.Threediferentuniform-backgroundmagnetic-fieldconfigurations(netBz,netB,andanetobliquefield)
areadoptedtoassesstheefectsofawiderangeoffieldintensities.Thesesimulationsrevealthemechanism
controlingthetypicaltimeevolutionoftheMRI'sturbulenceandsuggestthatboththeintensityandtheori-
entationofthebackgroundmagneticfieldsignificantlyafecttheMRI'sturbulentmotioninaccretiondisks.
ThetimeevolutionoftheMRIturbulencevariessignificantlyifthebackgroundmagneticfieldhasafinite
poloidalcomponent,Bzo.Werefertothisconditionasthenonzeropoloidal-fluxcase;otherconditionsinclude
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purelyazimuthalfields.
InthesimulationresultsassumingnOnZerOPOloidalflux,theevolutionoftheMRIturbulenceisdivided
intolinearandnonlineargrowthphases･TheMRI'slineargrowthphaseappearsduringthefirstthreeorbits
ofoursimulationruns,whenweobservearapidexcitationofthefastest-growlngMRImode,asdetermined
bythedispersionrelation･Thegrow血rateofthismodeisfixedtothreequartersoftherotationfrequency,
whilethemode一swavelengthiscontroledbyBzo･Thisbehaviorissimilartothatreportedinprevioussimu-
lationstudies(e･g･,Hawleyetal･,1995;San°andStone,2002).Wehaveshown thattheMRI'slineargrow血
phaseisindependentoftheazimuthalcomponentofthebackgroundmagneticfield,戟,whichisconsistent
withtheMRIdispersionrelation,becauseitdoesnotincludeatermrelatedtoB,..
AftertheflrStthreeorbits,thesystemexperiencesanonlinearturbulentphase･Ⅰnthisnonlinearphase,the
mode,whichischaracterizedbyawavelengththatisequaltothediskthickness,hasthemaximumwaveam-
plitudeinthesystemandshowsrepeatedsequencesofrapidgrow血,saturation,andrelaxation.Alarge丘ac-
tionoftheturbulentstressandmagneticenergyintheMRI-inducedturbulenceisdominatedbythismode.
Themodelscharacteristicwavepatem satisfiestheMRIdispersionrelationandiscontroledbyBzo,whileits
spatialscaleisdeterminedbythediskthickness.Inthewavepatemofthelargest-amplitudemode,theangle
betweenthevelocityandmagnetic-fieldvectorsisorthogonal.Weshowthatthiswavemodehasalargecon-
tributiontotheturbulentstressandenergyenhancementsinthenonlinearphase.
Thewavelengthofthelargest-amplitudemodeinthenonlinearphaseisequaltothediskthickness.Weex-
plainthisthroughthemagnetic-tensionforce,whichpreventsMRIgrowth,becausethelongerwavelength
leadstoadecreaseinthemagnetictension.Thelargest-amplitudemodefolowstheMRIdispersionrelation
and,therefore,doesnotshowanyB,odependence.Inaddition,Weshowthatthegrowthrateofthismodeis
consistentwiththatderivedfromtheMRIdispersionrelation;adecreaseinBzoresultsinasmalgrow血rate･
Wesuggestthattheparasiticinstability(GoodmanandXu,1994)playsanimportantroleinsahra血g血e
MRIturbulence.Accordingtothedispersionrelation,theparasiticinstabilityisexpectedtohaveawavevec-
torthatpointsinthesamedirectionasthevelocity vectorinducedbythelargest-amplitudeMRImode.
Growthoftheparasiticinstabilityleadstodisrurbthecouplingbetweenthevelocityandmagnetic-fieldvec-
tors,andsaturatesthegrowthofthelargest-amplitudeMRImode.Wealsoclarifythestabilityconditionfor
MRIturbulence.Wesuggestthatthelargest-amplitudemodeissuppressed,becausethemagnetic-tensionforce
becomeslargerthanthestretchingefectfromtheshearflow.An importantcontributortosatisfyingthiscon-
ditionisrelatedtotheamplificationoftheperturbedcomponentofBz.Sincetheparasiticinstability causes
amplificationofBz,thelargest-amplitudemodewilbesuppressedduringthegrow血oftheparasiticinstability
forthesystemtosatisfy thestabilitycondition.
SincetheparasiticinstabilityhascharacteristicssimilartotheKelvinHelmholtz(K-H)instability,wedis-
cusstheparasiticinstabilitybyanalogytotheKIHinstability.Thegrow血rateoftheK-Hinstabilityisre-
ducedbythepresenceofthemagneticfieldintheplaneofthevelocityshear.Wh enBy'hasarelativelylarge
intensityanditsamplitudeisofthesameorderasthatofthelargest-amplitudeMRImode,adecreaseinthe
growthrateoftheparasiticinstabilityisexpected,becauseB,0hasparalelcomponenttotheplaneoftheve-
locity shear.Inaddition,theangleoftheoscilationplaneoftheMRI-inducedvelocity shear(Ov)iscon-
troledbytheBzointensity.AlargeB=.valueleadstoOvcloseto45oand,consequently,theefectofみ'on
theparasiticinstabilitybecomessignifcant.Ontheotherhand,asmalBzovalueresultsinOvcloseto00,
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whichmeans thatthebackgroundfieldisorthogonaltothevelocityーShearplaneinducedbythelargest-
amplitudemode,andreducestheefectofB,o･Weshowthattheproposedmechanism isconsistentwiththe
resultsofoursimulations.
Thesaturationamplitudesoftheturbulentstressandthemagneticenergyareafectedbyboththepoloidal
andazimuthalcomponentsofthefield.Inparticular,weshowthatthesaturatedturbulentstressforβ,oE3200
becomessmalerthanthatforthepurelypoloidalfleldwhenthepoloidalcomponenthasthesameintensity.
Weshow,forthefirsttime,thatthebackground-fielddependenceoftheturbulentstressdoesnotshowasim-
plemonotonictrend･Weconcludethatthisdependenceisrelatedtothetriggenngconditionsforthegrowth
ofthelargest-amplitudemodeinthenonlinearphase.Investigationoftheprocesstriggenngthegrow血ofthe
largest-amplitudemodewilbehelpfulinunderstandingthebehaviorofthetypicaltimevariationoftheMRI
inful,aswelastheresultingnetfielddependenceofthesaturatedturbulentstressinaccretiondisks.
Forapurelyazimuthalbackgroundmagneticfield,thetimevariationisentirelydiferent.Inthelinear
phaseofthisfieldconfiguration,thegrowthrateincreaseswithincreasingbackground-fieldintensity,B,0,and
thegrowthtimedecreaseswithincreasingBp.Thelinearphaselastsaroundthreeorbitsforβ,0-2,fiveor-
bitsforβ,0-20,andtenorbitsforβy'-200.Inthenonlinearstateofapurelyazimuthalfield,oursimu-
lationresultsshowamoderatetimevariation,whichisentirelydifferentfrom thatobtainedinthenonzero
poloidal-fluxeaselOursimulationresultsrevealthatthesaturationamplitudeoftheturbulentstressispropor-
tionaltoBp,whiletheamplitudeistwoordersofmagnitudesmalerthanthatforanonzeropoloidalfield
withthesameintensity.Theseresultsareconsistentwithprevious,unstratifiedsimulationstudies(e.g.,Hawley
eta1.,1995).
Theanisotropyofthemagneticenergyamplifedbyturbulenceisalsochanged,whetherornotthefield
ispurelyazimuthal.TheseresultsalsoimplythatthetimeevolutionandthepropertiesoftheMRIturbulence
arealteredbytheexistenceofthepoloidalcomponentofthebackgroundfield.Foranonzeropoloidalflux,
theazimuthalcomponentproducesalargefractionofthemagneticenergy.Thistendencycanalsobeex-
plainedby也ewavepatem ofthelargesトamplitudemode.
DespitethefactthatthebackgroundfieldaffectstheMRIturbulence,thecorelationbetweentheturbulent
stressandthemagneticenergylSindependentoffieldtopology.Ourresultsindicatethatthesaturatedturbu-
1entstressexhibitsastrongercorrelationwiththepoweroftheperturbedcomponentofthemagneticfield
thanwiththepowerofthetotalmagneticfield.
Wealsoconductedsimulationsofstratifieddiskstoinvestigatetheapplicability ofourfindingsinactual
disks.IntheregionFzr<2Hofastratifeddiskwithanonzeropoloidalmagneticfield,theturbulentstress
isconsistentwiththatobtainedinunstratifiedsimulations.ForlzF>2H,theobservedturbulentstressis
slightlydifferentfrom thatfoundinunstratifedruns,whichisexplainedbytheMRI-induceddiskwind.
Theseresultsindicatethatourfindings are applicable in the equatorialreglOnOfactualdisks.Ontheother
hand,inthepurelyazimuthalfield of stratified disks,the saturation amplitude ofthe turbulentstressisan
orderofmagnitudesmallerthan thatfor unstratified disks･W e suggestthatthis diference iscausedbythe
factthattheParker instability divertsthe magnetic flux from the disk planeto outer space and reducesMRI
activity.
This study revealsthe processes operating in M RI-induced magneticturbulence from a detailed analysis of
the time evolution of the M RI turbulence. These results show thatthe time variation and the saturation
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amplitudeoftheturbulentstressaremostsigmificantlyafectedbythebackgroundmagneticfield.Thevaria-
tionoftheglobalstru ctureofthediskmagneticBeldchangesboththemass-loadingflux丘omthediskwind
andthemassaccretionratecausedbytheMRIturbulence.Wesuggestthatthetimeevolutionoftheglobal
diskstructureandthelocalbehaviorcausedbytheMRImutualyInteract.hvestigationofsuchinteractions
iscrucialtounderstandingcomplicateddiskphysics,suchasplanetformationand/ordiskevolution･
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論文審査の結果の要旨
磁気回転不安定性は､降着円盤における磁気乱流生成機構であり､磁気乱流に伴う角運動量輸送によっ
て中心天体への質量降着を引き起こすと考えられている｡しかし､磁気乱流応力の背景磁場配位に対する
依存性の系統的な理解は得られておらず､未解決の課題であった｡本論文は､降着円盤中の磁気回転不安
定性および磁気乱流応力の背景磁場配位に対する依存性を､磁気流体力学の数値シミュレーションを用い
て明らかにすることを目的としたものである｡本論文では､この目的を達成するために､抵抗性の磁気流
体力学シミュレーションコードをRCIp-CMoCCT法に基づいて構築し､降着円盤の局所シアリングボッ
クスモデルを用いて様々な背景磁場配位における磁気回転不安定性の数値実験を実行した｡そして､磁気
回転不安定性の非線形発展および磁気乱流応力の背景磁場依存性の解明に寄与する以下の先駆的な成果を
挙げた｡
1. 磁気回転不安定性の非線形段階における磁気乱流応力と磁場 ･速度 ･密度変動の空間配位の時間発展
を調べ､円盤厚み程度の波長を持っ最大成長モードが､急峻な成長 ･飽和 ･緩和を繰り返すことを示
した｡また､磁場 ･速度 ･密度変動の位相関係を解析し､非線形段階における飽和過程には､ケルビ
ン-ヘルムホルツ不安定性型のパラサイト不安定性が本質的な役割を果たすことを明らかにした｡さ
らにケルビンーヘルムホルツ不安定性との類似から､速度シアーと平行な磁場成分 (磁場の方位角成
分)が存在するときには､パラサイト不安定性の成長が抑制されることを示唆した｡
2. 磁気回転不安定性の非線形段階における磁気乱流応力が､背景磁場の鉛直成分と方位角成分の両者に
依存し､単調な依存性を示さないことを明らかにした｡特に､磁場の方位角成分で計算したプラズマ
ベータが200となる点において､磁気乱流応力が極小となることを示した｡
3. 磁気回転不安定性の非線形段階の緩和過程において､飽和過程でパラサイト不安定性により増幅した
磁場の鉛直成分が､磁気エネルギーの急速な減衰を引き起こすことを明らかにした｡また､飽和過程
における磁気乱流応力は､全磁場強度よりも寧ろ､擾乱磁場強度と高い相関を持っことを明らかにし
た｡
4. 層化型の円盤において数値実験を実行し､背景磁場が鉛直成分を持っ場合は､円盤中央面からスケー
ルハイトの2倍以内の領域においては非層化モデルと同程度の磁気乱流応力が得られ､それより外
側では､磁気回転不安定性に昏区動された円盤風が生じることを示した｡一方で､背景磁場が方位角成
分のみを持っ場合は､パーカー不安定性が磁気フラックスを円盤から剥ぎ取り､磁気回転不安定性の
活動度を下げることを示した｡
本論文は､様々な背景磁場配位における磁気回転不安定性の非線形段階における成長 ･飽和 ･緩和過程
の詳細を明らかにし､磁気乱流応力の背景磁場配位に対する非単調な依存性を初めて示した先駆性の高い
ものである｡降着円盤では背景磁場は方位角成分を持ち､円盤の時間発展に伴って方位角成分はより支配
的となる｡背景磁場配位に対する依存性を明らかにした本論文の成果は､円盤の進化に伴う磁気乱流強度
の時間発展､延いては中心天体への質量降着､円盤風､円盤ガスの混合､円盤中央面へのダスト沈殿など
の時間発展の理解に大きく寄与すると考える｡論文およびプレゼンテーションの内容は､背景となる物理
の理解､結論および将来展開への提案等､水準に達するもので､著者が自立して研究活動を行うに必要な
高度の研究能力と学識を有することを示している｡したがって､粛和人提出の博士論文は､博士 (理学)
の学位論文として合格と認める｡
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